HVEM I N S I T U OBSERVATION OF E A R L Y STAGE OF M A R T E N S I T E FORMATION I N

Cu-Zn
A L L O Y S T. Kikuchi Introduc&oy. -A nucleation model for the martensitic transformation proposed by Olson and Cohcn ( I ) is based on the assumption that the martensite in the nucleation stage is formed on close-packed planes of the parent phase rather than on irrational habit planes of the fully grown martensite. However, the experimental evidence supporting this assumption in the literature (2-4) cited by them is scattered and not so reliable. Therefore, it is very important to confirm this assumption by more systematic studies. In the case of the fcc to bcc martensitic transformation, one of the present authors (S.K) has recently succeeded in observation of very early stage of the martensite formation in Fe-Ni-Mn alloys and found that, in contradiction t o the Olson-Cohen model, the habit plane of the martensite at the nucleating stage is the same one as that of fully grown martensite (5, 6) . The primary purpose of the prcsent work is to examine the habit plane at the earliest stage of the martcnsite formation in the bcc to 9R transformation and to test the validity of the OlsonCohen nucleation model in this case. T o d o this, an in situ observation of the martensitic transformation has been made by a 500kV electron microscope, using Cu-Zn alloys. The interaction of a growing martensite plate with pre-existing dislocations will be also reported. E x p e r i m e n t a l~c t h o d . -An alloy of Cu-39.26at.%Zn was used. The specimens with a size of 4x 15x0.3mm -were heated at 1123K for 2 min in a salt bath and quenched in brine. The 0, phase (bcc with the B2 type ordering) was retained in the quenched specimens. The Ms and Af temperatures of this specimen were 150K and IGOK, respectively. In order to introduce dislocations by cyclic transformations (bcc 2 9R), the specimens had been thermally cycled I 0 times between 77K and 300K before they were thinned down for electron microscopy. The thinned specimens were slowly cooled in the electron microscope by a cold stage with a tilting device. The observable thickness of the foil specimens with the 500kV electron microscope used was about 0.5pm. The dislocations introduced by cyclic transformations are more uniformly distributed than those by tensile deformation, although their arrangement is rather unique (7) . The uniform distribution of dislocations hasmade easy the observation of their interaction with growing martensite plates.
Results and Discussion. -It was found that the mode of the martensite formation in foil specimens is some-
what different from that in bulk specimens. Figure 1 shows a typical microstructure where many thin martensite plates have grown parallel to one another. Such martcnsite plates nucleate somewhere in a thicker part of the foil and grow usually in a group, but d o not form a unified "front" in the growth. Elcctron diffraction study showed that these martensitc,plates have the same orientation, that is, they belong t o the same variant of the martensite. The formation of several variants of the martensite plates due to the self-accommodation of the shape strains, which is typical of bulk spccirnens, was scarcely observed. This is probably due to the small thickness of the foil specimens; although the observable thickness of the specimen with the high voltage electron microscope is greater than in the case of the conventional electron microscope, it is still much smaller than that of the bulk specimen. Dislocations in this figure were introduced by the cyclic tranformation before the specimen being thinned. Although the existence of these dislocations influences the martensite formation in bulk specimens, causing a microstructure mcmory effect (7), no such effect was observed in the present case. This is probably again due to a small thickness of the specimens used.
The results of the surface trace analysis indicate that the habit plane of the thin martensite plates in figure I is (2 10 1 I), which is identical with that of the fully grown martensite plate. However, there is a possibility that the habit plane of these thin martcnsite platcs may bc (01 1) as predicated in the Olson-Cohen nucleation model, because the determination of the foil orientation by electron diffraction is not sufficiently accurate to distinguish these two planes by trace analysis. (The anglc between (01 1) and (2 10 11) planes is only 8".) Moreover, even if we suppose that the habit plane is (2 10 1 I), these martensit? plates may have already changed their habit from (01 1) to ( 2 10 11) in the growth process. Therefore, in order to test the Olson-Cohen model, we must first observe the nucleating martensite plate and, secondly, several variants of martensite plates in the same grain of the parent phase ought to be subjected to surface trace analysis for the habit plane determination. Fortunately we have succeeded in this and the results will be described below.
Figures 2(a)-(g) show a series of micrographs taken around 120K while the specimen was slowly cooled. First, a martensite plate, M I , has appeared in (a), being followed by a couple of martensite plates with less distinct contrast. In (b) a martensite plate, M, , has nucleated from its intersection with plate MI . The nucleation of this martensite seems to have bcen triggered by a martesite plate which had grown from the left side and impinged upon plate MI . Martcnsite plate M, has further grown in (b). The growth of niartensite plate M, is shown in (c) and (d). In (e) a new martensite plate, M3 , has been generated from the tip of the plate M, and grown further in (f) and (g). The formation of martensite platc M, is already recognized as a dark contrast (indicated by arrow) in (c) and (dl. The growth of these martensite plates was not continuous but jerky. Many martensite plates have appeared parallel to plate MI in (g). These martensite plates have been nucleated from the intersections with plate M,. Including the newly formed martensite plates in (g), we have now three variants of the martensite platcs which have just nucleated.
The trace analysis was performed t o determine the habit plane of these martensite plates and the result is shown in figure 3 with the standard stereographic projection of the parent bcc phase. In this figure, full circles represent 12 10 I I 1 poles which are habit plane normals observed in bulk specimens. The foil normal, F.n., is [ i i 1 I and T, , T2 and T, arc surface traces of martensite platcs M, , M, and M, , respectively. Direction T, is parallel to the interscction, projected on the foil surface, of plates MI and M, , and T, to the intersection of plates M, and M,. It was determined from trace analysis that plane normals of martensite plates M I , M, and M, arc (1-i 2 lo), (2 11 10) and (2 10 1 l), respectively. The projected direction of the intersection o f ( i 1 2 10) and ( 2 I 1 10) planescoincides with direction T, and that of (2 ii 10) and (2 fl 11) with direction T,, which shows the self-consistency of the analysis. Moreover, the specimen thickness at the intersection of two martensite plates, which was estimated by the inclination of the plates from the foil surface, gives the self-consistent value. The formation of martensite plate M, with ( 2 10 11) habit at the tip of plate M, is quite reasonable, for the shape strain of these two martensite plates almost completely cancel with each other. We can not explain the observed traces of these martensite plates as those of 101 1 1 planes; especially, there is no possibility that both of the martensite plates M, and M, have the 101 1 ) habit even if we assume large ambiguities in the determination of the foil orientation. On the other hand, it mLght be possible to assume that martensitc plate M, has the (01 1) habit and martensite plate M, the (2 10 11) habit if an ambiguity of +So in the orientation determination is taken into account. That is, we may assume, according to the Olson-Cohen nucleation model, that martensite plate-M, is aZsemicoherent embryo and a t a later stage of the growth it has changed its habit plane from (01 1) to ( 2 10 1 l), bccoming plate M,. However, this possibility is ruled out by the following argument. Figure 4 is an enlarged micrograph of a part of martensite plate M, in figure 2(f) , showing fine striations in the martensite. I t is considered that these striations are due to stacking faults on the basal plane of the 9R structure which correspond t o the lattice invariant shear in the bcc to 9R transformation. This fact means that the martensite plate M, has already the final structrue of 9R and the habit plane which satisfics the invariant plane strain condition. Thus we can not assume that martensite plate M, is a semicoherent embryo.
It should be noted in the series of micrographs in figure 2 that no dislocations are produced when the martcnsitc plates nucleate and grow, and there is no interaction of the growing martensitc with pre-existing dislocations. This may be a characteristic nature of the thermoelastic martensitic transformation and one of the most important properties in shape memory alloys.
Next we discuss the results of a similar study on AuCd alloys by Ferraglio and Mukherjee (4). They have observed the change in habit of a growing martensite plate, which was cited by Olson and Cohen (1) as direct evidence supporting their nucleation model. However it is considered that this change in habit plane is merely a change in the variant of the 12 10 11 ) habit. namely, at the tip of the initially nucleated martensite plate, another variant of the ( 2 10 11 1 habit has been generated as was observed in the present study. This explanation seems t o be quite reasonable because the change in surface trace o f the growing martensitc plate in figure 1 of their paper is about 25" and corresponds to a difference in the surface trace between the martensite plates with (2 1-r 10) and ( 2 10 11) habits when thc specimen surface is close to (001). The formation of the martensite plate with a "boomerang" shape was reported in their work as a typical form of the grain intcrior nucleation. This "boomerang" type martensite is also considered to be a composite of the two martensite plates with different variants of the 1 2 10 1 1 habit, say (3 11 10) and (2 10 1 I), for the observed surface tracc change of the martensite plate in this case is also 25-30" and thc formation of the above mentioned two variants is quite likely to occur within the grain because of the self-accommodating cffect of the shape strains. Now we have come to the same conclusion in the bcc to 9R transformation as for the fcc t o bcc transformation that the nucleating martensite has the same habit plane as that of the fully grown martensite and the invariant plane strain condition on the habit plane is operative even in the nucleation stage. 
